INTRODUCTION HE STRESSES (STRAINS) (TYPE AND MAGNITUDE) IN THE MATRIX, IN THE
-M. fiber, and at the fiber/matrix interface, determine the structural integrity and/or the damage tolerance of fiber composites. These stresses are normally called microstresses in the fiber composites community. Microstresses are present in fiber composites from the instant the composite starts curing. Other microstresses are induced by the applied loads and/or moisture pick-up. In general, there are three kinds of microstresses: hygral (moisture), thermal, and mechanical. These microstresses vary in magnitude, sense (tension and compression), and type (normal and shear). At each point in the fiber, in the matrix, and/or at the interface there generally are six components of stress (strain) -three normal and three shear.
Determination of the magnitude, sense and type of microstresses requires highly intricate experiments (such as photoelasticity) and/or very detailed threedimensional finite element analysis. In few limited cases, the magnitude of transverse and shear microstresses can be estimated by simple theoretical expressions. These simple expressions are used to determine the stress (strain) magnification between fibers and, therefore, obtain an assessment of possible microcracking and interfacial disbonds. Recent research at NASA Lewis focused on deriving simple theoretical expressions for all six microstresses in the fibers, in the matrix, and at the interface. As a result, a unified set of simplified micromechanics equations was developed to predict the fiber composite microstresses. The objective of this report is to describe this unified set and illustrate its significance through appropriate numerical examples.
DEFINITIONS AND CONSTITUENT MATERIALS
The branch of composite mechanics which provides the formal structure whereby the ply microstresses are related to the ply stresses and to the ply constituent materials is called composite micromechanics. Composite micromechanics for predicting ply microstresses is defined concisely in Figure 1 which also identifies the required input and the resulting output. The input consists of: (1) constituent materials and their respective properties, (2) ply geometric configuration, (3) fabrication process variables, and (4) ply stresses. The output consists of: (1) ply microstress influence coefficients, (2) fiber stresses, (3) interfacial stresses, (4) interfiber matrix stresses, (5) intermatrix matrix stresses, (6) frac- ture checks for local fiber, interfacial bond, and local matrix, and (7) ply microcracking assessment.
The formal structure of composite micromechanics (concepts, math-models, and equations) for predicting ply microstresses is derived based on assumptions which are consistent with (1) the physical situation and (2) the fundamental principles of solid mechanics. These assumptions are: (1) the ply resists primary loads by in-plane action as depicted schematically in Figure 2 , (2) the ply resists secondary loads by through-the-thickness (interlaminar) action, and (3) the ply and its constituents behave linearly elastic, or nearly so, to fracture as depicted schematically in Figure 3 . Though the principles of solid mechanics can be used with various levels of sophistication, the elementary mechanics-of-materials s theory was used in deriving the equations summarized herein because: (1) it leads to explicit equations of simple form and (2) it is consistent with the simplified composite micromechanics equations used to predict ply hygrothermomechanical properties (Reference [1] ) and ply strengths (Reference [2] ).
The ply microstresses are determined through composite stress progressive decomposition as depicted schematically in Figure 4 . Figure 4 and, in more detail in Figure 5 . The interfiber microstresses in the matrix in subregion (B) are denoted by a(-&dquo; ( Figure 5 ) and those in the fiber by a}B) ( Figure 5 Figure 6 and denoted by Q; ~' N~S .
Typical properties of select fibers, and matrices, and composites are respectively summarized in Tables 1 and 2 . Properties from these tables are used to determine ply microstresses as described in the illustrative examples.
PLY MICROSTRESSES DUE TO PLY LONGITUDINAL STRESS (aru)
The equations to predict stresses in the constituents due to a uniaxial longitudinal ply stress are summarized in Figure 7 . The schematics in the figure define the notation in the equations and their respective subregions. The longitudinal matrix microstresses are assumed to be the same in both subregions (A) and (B). The longitudinal microstresses depend on relative constituent and ply moduli while the transverse microstresses also depend on constituent and ply Poisson's ratios and explicitly on the fiber volume ratio.
In order to use the ply microstress equations in Figure 7 , we need two fiber properties (Ef11 and IIf12)' two matrix properties (Em and vm), two ply properties (£(11> vel2), the fiber volume ratio (kf) and the ply longitudinal stress (0&dquo;/11). The fiber and matrix properties are obtained from Tables 1 and 2 Figure 7 ; (3) substitute these properties in the microstress equations together with the given fiber volume ratio and ply stress(es); (4) 
PLY MICROSTRESSES DUE TO PLY TRANSVERSE STRESS (Ut22)
The equations to predict stresses in the constituents due to a transverse ply stress are summarized in Figure 8 . The schematics in the figure depict the notation in the equations and their respective subregions. The longitudinal microstresses in the matrix are the same in both subregions (A) and (B). These microstresses depend on relative constituent/ply Poisson's ratios and moduli. The transverse microstresses depend on relative local/ply moduli (ply moduli defined at the bottom of the figure). These microstresses also depend on the constituent properties and the fiber volume ratio through the ply moduli and Poisson's ratio.
In order to use the ply microstress equations in Figure 8 , we need four fiber properties (Ej11, Ej22, Pj12, and Pj23), two matrix properties (E and Pm), four ply properties (E,I1, E,22, ~12, and ve23), the fiber volume ratio (kf), and the ply transverse stress (OÚ2)' The fiber and matrix properties are obtained from Tables 1 and 2 (2) intermatrix matrix fracture.
PLY MICROSTRESSES DUE TO PLY FLAT WISE STRESS (Qe33)
The ply flat-wise stress induces microstresses which are similar to those induced by the ply transverse stress but rotated 90°. The similarity is a consequence of the square array unit cell assumption which has the same interfiber and intermatrix structure, the same constituent properties along the 2 and 3 material axes direction, and the same ply properties along the 2 and 3 material axes directions.
The equations to predict stresses in the constituents due to a ply &dquo;flat-wise&dquo; stress are the same as in Figure 8 , but with the subscripts 22 and 33 interchanged. In order to calculate the ply microstresses, first interchange the subscripts in the equations in Figure 8 and second follow the procedure described in Example 4.1. The observations and conclusions for this example, relative to microstress magnitudes and probable microfractures, are applicable for the ply flat-wise stress as well but, again, rotated 90°. The equations to predict stresses in the constituents due to an intraply (intralaminar) shear stress are summarized in Figure 9 . The schematics in the figure depict the notation used in the equations and their respective subregions. The microstresses depend on relative constituent/ply shear moduli. The dependence of the microstresses on the fiber volume ratio is through the ply shear moduli G~, and Gt 12 as shown in the figure. The equations for the shear microstresses in the 13 plane due to ply intraply shear stress Qel3 are the same as those in Figure 9 with the subscripts 12 replaced by 13 .
In order to use the ply microstress equations in Figure 9 , we need one fiber property (Gf,2), one matrix property (G~), two different ply sheer moduli (~12 and G(12)' the fiber volume ratio (kf), and the intraply shear stress (Qp,2). The fiber and matrix properties are obtained from Tables 1 and 2 Figure 9 ; (3) substitute these properties in the microstress equations together with the intraply shear stress; (4) 
PLY MICROSTRESSES DUE TO PLY THROUGH THE THICKNESS SHEAR STRESS (Qe23)
The equations to predict the stresses in the constituents due to a through-thethickness shear stress are summarized in Figure 10 . The schematics in the figure depict the notation used in the equations and their respective subregions. The microstresses depend on relative constituent/ply shear moduli. The dependence of the microstress on the fiber volume ratio is through the ply shear moduli G23 and Gf23 as shown in the figure.
In order to use the ply microstress equations in Figure 10 , we need to know one fiber property (Gf,,), one matrix property (GM), two ply properties (G23 and Ge23)' the fiber volume ratio (kf), and the through-the-thickness ply shear stress (Qe23). The fiber and matrix properties are obtained from Tables 1 and 2 . The ply properties are calculated from the equations shown in the figure. The ply fiber volume ratio and the ply through-the-thickness shear stress are assumed known. The following example illustrates use of the equations. Example 7.1.: Determine the stresses in the constituents (ply microstresses) in an AS/IMHS ply with 0.6 fiber volume ratio assuming a 6 ksi through-thethickness ply shear stress. This shear stress is approximately equal to the corresponding ply shear strength which is estimated to be about 60 percent of the intralaminar shear strength (10 ksi previous section).
Solution: The required computations are expedited by proceeding as follows: (1) select respective constituent material properties from Tables 1 and 2 ; (2) calculate the ply shear moduli from the respective equations in Figure 10 ; (3) substitute these properties in the microstress equations together with the ply through-the-thickness shear stress; (4) Examining the magnitudes of the above microstresses the following are observed : (1) the shear microstresses in the matrix in the interfiber subregion B are substantial compared to the corresponding ply shear strength (6 ksi); (2) the interfacial bond shear strength in the interfiber subregion B is also substantial; (3) the interfacial bond normal stress in subregion (C) is equal to the through-thethickness shear strength; and (4) It is interesting to note that the interfacial bond microstress magnitudes for this example are almost identical to those for the ply transverse tensile stress in Example 4.1. One conjecture may be that both of these ply stresses induce ply fracture which initiates at the interface and, therefore, the corresponding ply strengths are interfacial bond-strength controlled. This is consistent with the general consensus view in the composites community.
PLY MICROSTRESSES DUE TO TEMPERATURE CHANGE (AT,)
The equations to predict the stresses in the constituents due to a temperature change in the ply are summarized in Figure 11 . The schematics in the figure depict the notation used in the equations and their respective subregions. The ply microstresses due to temperature change depend on the relative constituent materials/ply thermal expansion coefficients, the constituent materials moduli, and on the fiber volume ratio. These microstresses also depend on the fiber Figure 11 . Ply microstresses-stresses in the constituents. volume ratio and the ply longitudinal modulus through the ply thermal expansion coefficients as shown in the figure.
In order to use the ply microstress equations in Figure 11 , we need to know four fiber properties (afil, aj22, Ej11, and Ej22)' three matrix properties (am, Em and JIm), four ply properties (ar11, ar22, Er11, and E,22), the fiber volume ratio (kf), and the temperature change in the ply (A 7~). The fiber and matrix properties are obtained from Tables 1 and 2 . The ply properties are calculated from the equations shown in the figure. The ply fiber volume ratio and the ply temperature change are assumed known. The following example illustrates use of the equations.
Example 8.1: Determine the stresses in the constituents (ply microstresses) in an AS/IMHS ply with 0.6 fiber volume ratio and only subjected to 300°F ply temperature change. This temperature change corresponds to the temperature difference between cure temperature and room temperature. It was selected to determine the magnitude of the residual microstresses.
Solution: The required computations are expedited by proceeding as follows: (1) select respective constituent material properties from Tables 1 and 2 ; (2) calculate the ply longitudinal modulus and the ply thermal expansion coefficients from the respective equations in Figure 11 ; (3) substitute appropriate properties in the microstress equations together with fiber volume ratio and the temperature change; (4) Examining the magnitudes of the residual microstresses due to cure temperature (A7~ = -300°F) the following are observed: (1) the longitudinal microstresses are relatively low compared to corresponding constituent material strengths; (2) the microstresses in the matrix in both subregions (A) and (B) are also low; and (3) the normal microstress in the interfacial bond (subregion C) may be substantial compared to a typical tensile bond strength of about 1 ksi. It may be concluded, therefore, that the residual microstress could induce microcracks at the interface in subregion (C). These microcracks can subsequently extend into the intermatrix subregion (A).
PLY MICROSTRESSES DUE TO MOISTURE CHANGE (M,)
The equations to predict the stresses in the constituents due to a moisture change in the ply are summarized in Figure 12 . The schematics in the figure depict the notation used in the equations and their respective subregions. The microstresses due to moisture change depend on the relative constituent materials ply/moisture expansion coefficients, the corresponding moduli, and on the fiber volume ratio. These microstresses also depend on the fiber volume ratio and the ply moduli through the ply moisture expansion coefficients as shown in the figure.
In order to use the ply microstress equations in Figure 12 , we need to know two fiber properties (Efl, and E,~2), two matrix properties (~3m and E~), four ply properties ((3~,1, j8,22, E'l1 and E(22)' the fiber volume ratio (kf), and the moisture change in the ply (M,) . The fiber and matrix properties are obtained from Tables 1 and 2 . The ply properties are calculated from the equations shown in the figure. The ply fiber volume ratio and the ply moisture change are assumed known. The following example illustrates use of the equations. Figure 12 ; (3) substitute appropriate properties in the microstress equations together with fiber volume ratio and the moisture change; (4) calculate the microstresses from the appropriate equations in Figure 12 and for interfacial bond in Figure 6 ; and (5) Lastly, the unified set of micromechanics equations described herein for microstresses can be used to determine the effects of voids, moisture, and temperature on the magnitudes of the microstresses. This is accomplished by first predicting the effects of these variables on matrix and ply properties using the procedures described in References [1] and [2] . These modified properties are then used in the ply microstress equations to predict the resulting effect. The equations can also represent microstress/ply stress influence coefficients simply by dividing the desired microstress with its respective ply stress.
CONCLUSIONS
A unified set of micromechanics equations of simple form is summarized and described for predicting ply microstresses. The unified set of equations consists of simplified expressions to predict microstresses in the matrix, give the interface, and in the fiber for hygral, thermal, and mechanical loading conditions. Several examples are presented to illustrate usefulness of these equations and attendant significance to the structural integrity and damage tolerance of fiber composites. The availability of this unified set of equations makes it possible to explain the origin of microcracking and provide a basis for determining the damage initiation at the fiber composite microscale. 
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